Photon and neutrino emission from active galactic nuclei 
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Supermassive black holes in the centers of galaxies are very common. They are known to rotate, accrete, spin 
down and eject highly relativistic jets; those jets pointed at us all seem to show a spectrum with two strong 
bumps, one in the TeV photon range, and one in X-rays - ordered by the emission frequency of the first bump this 
constitutes the blazar sequence. Here we wish to explain this sequence as the combined interaction of electrons 
and protons with the magnetic field and radiation field at the first strong Shockwave pattern in the relativistic 
jet. With two key assumptions on particle scattering, this concept predicts that the two basic maximum peak 
frequencies scale with the mass of the central black hole as Mgj/^, have a ratio of (vrip / rrie)'^ , and the luminosities 
with the mass itself Mbh- Due to strong losses of the leptons, the peak luminosities are generally the same, but 
with large variations around equality. This model predicts large fluxes in ultra high energy cosmic rays, and also 
large neutrino luminosities. 



1. Introduction 

Every massive galaxy harbors a central super- 
massive black hole; many of these black holes 
rotate, accrete, spin down, and eject powerful 
highly relativistic jets. These jets are visible 
through their emission from radio wavelengths 
to TeV photons, and have a very knotty struc- 
ture, interpreted usually as shocks in the flow. 
Whenever these jets are pointing in our direction, 
the emission is extremely enhanced by Lorentz- 
boosting; we note that this is true for half of all 
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sources in any flux density limited complete sam- 
ple of sources observed at 5 GHz. The typical 
spectrum in many cases includes a bump in TeV 
photons and another bump in X-rays; the two 
bumps can appear at a range of frequencies, but 
appear to range in frequency in parallel. This 
sequence is called the "blazar sequence" [I], and 
this is what we wish to explain. 

We first assume, that we are in the spin-down 
phase of a black hole of mass Mbh with very 
high spin, that phase, when the rotation of the 
black hole [5] powers the activity. This is con- 
sistent with data for the radio galaxies M87 and 
Gen A [3]. This implies that the magnetic fields 
are accreted during an earlier phase of maximal 
accretion, and decay extremely slowly. This gives 
a jet power Lj of 
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with an arbitrary scaling parameter /j of order 
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unity. This also gives a scaling of the magnetic 
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field inside the jet [J, as S ~ ^bh 
observer frame. We denote the comoving frame 
with dashes, as in B' — B/Tj, where Tj is the 
Lorentz factor of the jet flow. 

Furthermore we assume, following earlier work 
[5], that the first strong shock system is at a 
fixed relative distance from the black hole about 
IQ3.5 gravitational radii = Gn^^^bh/c^, where 
Gjv is Newton's constant of gravitation. We then 
work out an acceleration condition, the character- 
istic frequencies of emission for electrons and pro- 
tons, and the corresponding luminosities. A key 
argument is that the electrons are in the loss-limit 
[6] , and so their synchrotron luminosity is greatly 
reduced compared to original expectations [7]. 

2. Hadrons versus Leptons 

We picture a relativistic flow with a strong 
oblique stationary shock [8] . A diametrical length 
scale z 6* is tilted and so increased by the Lorentz 
factor Tj for a transverse flow component which 
is only weakly relativistic; z is the distance along 
the jet, and 6 is the jet opening angle. Transform- 
ing the corresponding timescale into the jet flow 
frame gives another factor of Tj. We write this 
time scale as (zT'j 9 e)/ (Pjc), where e is a param- 
eter of order unity, and l3jC the jet flow velocity. 
We use the flow time in the moving jet frame as a 
measure of acceleration [3] , and then put it equal 
to the synchrotron loss time of protons. Thus, in 
the comoving frame (dashes) one has 
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This is the first key assumption. The proton 
maximum Lorentz factor is given by (in the limit 
of r, » 1): 
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in the observer frame; z = 10^'^ 2:3.5, and the 
opening angle of the jet 9 is in units of 0.1 rad. 
The value jp^max is independent of the black hole 
mass. The black hole mass is given in units of 
10^ Mq as Mbh.8- This limit is given by losses; 
a spatial constraint in the spin-down limit can be 



expressed as 7z,maa; ^ 10^-^ Z /j^^ M^-'^ g, sug- 
gesting that heavy nuclei of charge Z or flaring 
300 > /j > 1 may be required. A condition on the 
factor fj follows, for the losses to constrain more 
than the space. The proton synchrotron emission 
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is in the observer frame 
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As noted above, we use the assumption that 
the flow is highly oblique: in such a case the flow 
component parallel to the shock normal direction 
may be sub-relativistic. We assume, that for the 
relevant cone in phase space the limiting accel- 
eration length scale for protons initiates a Kol- 
mogorov cascade 0. The acceleration scale for 
protons is an injection scale also for a turbulent 
cascade, and at lower energy the scale is smaller 
by ((7eTOe)/(7pTOp))^/'^. This is the second key 
assumption. So the corresponding electron emis- 
sion frequency is 
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phasizc that here and above the Lorentz factor of 
the jet flow does not enter. 

The synchrotron luminosities Lp of relativistic 
protons and of relativistic electrons are given 
by integrating the losses: for the electrons the 
loss time is very much shorter than the flow time 
scale, implying that their luminosity is very much 
reduced as compared to the estimate in [Tj , where 
this was then estimated at Lp/ ~ mf,/mp. 
Here we obtain first 
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and then for the ratio 
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This ratio works out to be of order unity with 
large possible exeursions. On occasion the pro- 
ton peak can be very much larger than the elec- 
tron peak, possibly explaining orphan flares, e.g., 
[To] . We assume the simple limit of an par- 
ticle spectrum, which curvature of the shock sur- 
face, lack of shock strength, and substructure can 
modify. Both protons and electrons interact co- 
piously, distorting the simple spectrum. Inter- 
actions between primary protons and electrons 
(plus positrons) and the radiation fields produced 
by their emission can give quadratic and cubic de- 
pendencies, just as in multiple Compton orders of 
straight leptonic emission, 

Therefore the primary luminosities scale as 
Mg\j, the frequencies as M^^"^^ and the fre- 
quency ratio is (mp/rrif,)^ . A prediction is that 
the spectra of the low frequency bump is always 
primarily steeper S^, ^ than that of the high 
frequency bump Si, ~ v^^/'^ in the simple limit 
of plane-parallel shock acceleration. This regular- 
ity and simplicity is an advantage compared with 
other model proposals. The predicted TeV local 
spectrum is consistent with the data. 

These further interactions in turn will pro- 
duce enormous neutrino fluxes: however, recently 
AUGER observations [T2] suggested the presence 
of the heavy-mass nuclei in the primary flux of 
UHECRs. The flux of secondary neutrinos pro- 
duced in the interaction of nuclei with the photon 
field at the source will modify significantly the 
predicted neutrino flux. 



3. Conclusions 

Ultra high energy protons, nuclei, as well as 
electrons emit synchrotron radiation: We propose 
that this explains the regularity of the blazar se- 
quence [1]. Numerous further interactions obvi- 
ously happen for both leptons and protons and 
the high energy bump may contain components 
from the emission of heavier nuclei, and the lep- 
tons might be all secondary. A fortiori, as argued 
for some time, e.g., |13I7I14I8I15) . radio galaxies 
are key sources of ultra high energy cosmic par- 
ticles. These particles interact and produce copi- 
ously high energy neutrinos. 
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